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Overview

• Motivation of Λn interaction measurement 

• NKS2 experiment at ELPH, Tohoku Univ.  

• Λn final-state-interaction study by NKS2 

• Detector R&D 

• Summary of Λn FSI exp. 

• The other projects in Tohoku ELS group 
• JLab, Mainz, ELPH
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Motivation
• Study of nuclear force 

• Baryon-Baryon interaction including strangeness 
• Experimental study 

• Spectroscopy of Hypernuclei 
• lots of data 

• ΛN scattering experiment at low energies 
•poor and limited accuracy of Λp data 

• lack of Λn data

 3



Motivation
• Study of nuclear force 

• Baryon-Baryon interaction including strangeness 
• Experimental study 

• Spectroscopy of Hypernuclei 
• lots of data 

• ΛN scattering experiment at low energies 
•poor and limited accuracy of Λp data 

• lack of Λn data

 3

Figure from Prof. Tamura

• Mass difference of 4ΛH and 4ΛHe 
• Interaction of Λn is the same with Λp? 
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• K+ cross section in γd → K+Λn reaction 
•Modification by FSI effect of Λn
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Problem in ΛN Interaction
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• Charge symmetry breaking (CSB) in the ΛN interaction
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Problem in ΛN Interaction

• ΛN CSB ~0.35 MeV in data 
• Emulsion data 
• Theoretical calculation: ~0.05 MeV 
• NN CSB ~0.07 MeV [4]
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• Charge symmetry breaking (CSB) in the ΛN interaction

• For precise data 
• Mainz A1 Hypernuclear coll. 
• J-PARC E13 coll. 
• JLab (e, e’K) exp.
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Mainzer-Microtron: MAMI
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Detector system and optical properties will be found in 
http://wwwa1.kph.uni-mainz.de/A1/detector.html 
http://wwwa1.kph.uni-mainz.de/A1/magnet.html



Setup at A1 Hall
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Fig. 1. An experimental setup (downstream view) and an enlarged schematic drawing around a target. Hy-
pernuclei were produced with 1.5 GeV electron beam via virtual photons. Events of hyperon production was
identified with a K+ tagger (Kaos). Momenta of pions from hyperon’s decays were precisely measured by
Spek-A and Spek-C with a relative momentum resolution of 10−4. From 2014, tungsten absorbers were in-
stalled around the target to suppress background pions from quasi-free hyperons in hardware level.

Table I. Summary of experiments. Central momenta for Kaos and Spek-C were set to 923 MeV/c and 125
MeV/c respectively for all experiments. A trigger rate per µA in Kaos was decreased by a factor of 660 thanks
to the lead wall in 2nd experiment. The trigger rate was decreased by an additional factor of 3 in 3rd experiment
thanks to a realignment of the lead wall. The rate in Spek-C was also decreased by a factor of 3 after the Spek-C
trigger circuit was improved on a coincidence between two layers of scintillation counters.

1st experiment 2nd experiment 3rd experiment
year 2011 2012 2014
length of beam-time 5 weeks 2 weeks 4 weeks
Typical beam current 2 µA 20 µA 50 µA
Total charge 1.4 C 17 C 80 C
Kaos detectors TOF × 2 Layers TOF × 3 Layers TOF × 3 Layers

AC × 1 Layers AC × 2 Layers AC × 2 Layers
Lead wall Lead wall

Typical Kaos trigger rate per µA 1000 kHz / µA 1.5 kHz / µA 0.5 kHz / µA
Spek-C trigger ToF ToF ToF ⊗ dE
Typical Spek-C trigger rate per µA 1.5 kHz / µA 1.5 kHz / µA 0.6 kHz / µA

3■■■

021012-3JPS Conf. Proc. , 021012 (2015)8

Proceedings of the 2nd International Symposium on Science at J-PARC ̶ Unlocking the Mysteries of Life, Matter and the Universe ̶
Downloaded from journals.jps.jp by 東北大学 on 05/18/19



Result from MAMI
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Pion momentum (MeV/c) 

BΛ = 2.12 ± 0.01± 0.09 MeV

A.Esser, S.Nagao et al. PRL 114 (2015) 232501
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Electron beam

Scattered electron

    K+     
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Virtual Photon
Target nucleus

  Λ  Hypernucleus  

T.O. Yamamoto et al. 

PRL 115 (2015) 222501

Note: BΛ of 4ΛH is old value 
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• K+ cross section in γd → K+Λn reaction 
•Modification by FSI effect of Λn

Figure from Prof. Tamura

• Mass difference of 4ΛH and 4ΛHe 
• Interaction of Λn is the same with Λp? 



• Λp scattering 

• Λp FSI effect in hadron 
production

Data of Λp
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HIRES Collaboration / Physics Letters B 687 (2010) 31–35 33

Fig. 1. Left: Layout of the magnetic spectrograph BIG KARL. The charged particle tracks are measured in the focal plane using two stacks of multiwire drift chambers, two
threshold Cherenkov detectors and two scintillator hodoscopes. Right: TOF spectrum with pion suppression by two Cherenkov detectors.

Fig. 2. Left: Acceptance correction functions. Right: Kaon survival probability.

Fig. 3. Left: Missing mass spectrum of the reaction p + p → K + + (Λp) measured at T p = 1.953 GeV and ΘK = 0◦ . The upper axis indicates the c.m. momentum q of the
Λp system. Solid line: Combined six-parameter fit. Dashed line: p + p → K + + (Λp) phase space distribution. The region above 2090 MeV was measured with very small
statistical errors in order to study a possible resonance anomaly near 2096.5 and/or 2098.0 MeV [11]. Right: Total Λp → Λp cross section [1,2] vs. c.m. momentum q. Solid
line: Combined six-parameter fit. Dotted line: Spin-averaged parameters.

Figures from 
Phys. Lett. B687 (2010) 31, HIRES collaboration

Bubble chamber data 
Phys. Lett. B175 (1968) 1735

Physics Letters B 687 (2010) 31–35
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1. Introduction

The study of the Λp interaction is part of the systematic inves-
tigation of the hyperon–nucleon (YN) interaction. The YN interac-
tion is an ideal testing ground for the role of strangeness in low
and intermediate energy physics. It is also of great relevance in
studies of the SU(3)flavor symmetry. In addition the YN interaction
is needed for studies of hypernuclei. Experimental information on

* Corresponding author.
E-mail address: fh@hiskp.uni-bonn.de (F. Hinterberger).

the Λp interaction has been obtained from Λp scattering experi-
ments [1,2], the binding energies of hypernuclei [3,4], and studies
of the Λp final state interaction (FSI). The Λp FSI was observed
in strangeness transfer reactions K − + d → π− + (Λp) [5–7] and
in reactions with associated strangeness production π+ + d →
K + + (Λp) and p + p → K + + (Λp) [8–15]. The first high reso-
lution study of the reaction p + p → K + + (Λp) was performed
at Saclay [11] with proton kinetic energies of 2.3 and 2.7 GeV and
missing mass resolutions between 2 and 5 MeV depending on the
scattering angle. The FSI enhancement close to the Λp threshold
was later analyzed [16] in terms of the inverse Jost function and
the effective range approximation [17]. Recently a new method

0370-2693/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2010.02.082
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FSI enhancement factor 
by the the inverse Jost function

PH YSICAI REVIEW VOI UME 175, NUMBER 5 2S NOVEM BER 1968

Low-Energy A.-Proton Elastic Scattering*
B. SEcHl-ZoRN, B. KEHQE, AND J. TwITTY) .

University of Maryland, College Park, Maryland Z074Z
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The cross sections for A-p elastic scattering with h moments in the interval 110-330MeV/c have been
measured. Our results are based on 224 scattering events found in a sample of 95 600 A. hyperons observed
in an exposure of the 81-cm Saclay hydrogen bubble chamber to a stopping E beam. These cross sections
are analyzed in terms of effective-range theory. A wide spectrum of solutions in this formalism give accept-
able agreement with the data.

I. INTRODUCTION
'[NTIL recently, experimental information on
A-proton interactions has come primarily from

measurements of hyperfragment binding energies. ' 3
During the last few years, this information has been
supplemented by direct measurement of A-proton
elastic scattering in bubble chambers. 4' This paper
reports on a measurement of the differential and total
elastic cross section for A-p scattering at low momenta. '
In Sec. II the experimental method is described, in

Sec. III the cross sections are presented and compared
with other data, and in Sec. IV these results are analyzed
in terms of the effective-range formalism and related
to theoretical models and the results of hyperfragment
analysis.

E +P-+A+we
E +p—+Zs+n-'

(1)
(2)

and from the Z interactions:

particles were transported at 800 MeV/c and slowed
down by a 20-cm copper absorber so that the E—mesons
entered the chamber with a momentum of about 230
MeV/c. In each photograph, an average of about three
E—mesons came to rest in the visible portion of the
chamber.
This study is based upon 100 000 pictures in which

95 627 A hyperons were observed. The A hyperons were
produced from the following direct E interactions:

II. SCANNING AND MEASURING

This experiment is based upon an exposure of the
Saclay 81-cm hydrogen bubble chamber' to a separated
E beam' at the CERN proton synchrotron. The

Z +p-+A+n, (3)

(4)
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where the Z- are produced in the reaction

(5)
Figure 1 shows the A momentum spectrum from E p-
interactions at rest. Reaction (2) yields a A spectrum
from about 90 to 250 MeV/c and is the primary source
of A's ( 70 jo).s There are two additional and aP-
proximately equal contributions' to the A spectrum:
Reaction (1) gives rise to A.'s with momentum. 254
MeV/c, and reactions (3) and (4) give rise to A's with
momentum 290 MeV/c and a spectrum from 0 to 130
MeV/c, respectively. In addition to these sources of
A hyperons, there is a small source ( 10%),not shown
in Fig. 1, from in-Right E pand Z--p intera-ctions.
These processes give rise to a A. spectrum extending
from 0 to 360 MeV/c.
The film scanning was done on pairs of Recordak'0

projectors using two of the three available views. The
procedure involved an "area scan" on both views for

9 These proportions are derived from the Humphrey-Ross ratios
LW. H. Humphrey and R, R. Ross, Phys. Rev. 127, 1305 (1962)j,and our result that 12.5%1jo of the initial Z hyperons interact
at rest.
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Fig. 1. Left: Layout of the magnetic spectrograph BIG KARL. The charged particle tracks are measured in the focal plane using two stacks of multiwire drift chambers, two
threshold Cherenkov detectors and two scintillator hodoscopes. Right: TOF spectrum with pion suppression by two Cherenkov detectors.

Fig. 2. Left: Acceptance correction functions. Right: Kaon survival probability.

Fig. 3. Left: Missing mass spectrum of the reaction p + p → K + + (Λp) measured at T p = 1.953 GeV and ΘK = 0◦ . The upper axis indicates the c.m. momentum q of the
Λp system. Solid line: Combined six-parameter fit. Dashed line: p + p → K + + (Λp) phase space distribution. The region above 2090 MeV was measured with very small
statistical errors in order to study a possible resonance anomaly near 2096.5 and/or 2098.0 MeV [11]. Right: Total Λp → Λp cross section [1,2] vs. c.m. momentum q. Solid
line: Combined six-parameter fit. Dotted line: Spin-averaged parameters.

Effective range  
approximation

Only phase space



Motivation
• Study of nuclear force 

• Baryon-Baryon interaction including strangeness 
• Experimental study 

• Spectroscopy of Hypernuclei 
• lots of data 

• ΛN scattering experiment at low energies 
•poor and limited accuracy of Λp data 

• lack of Λn data

 10

• K+ cross section in γd → K+Λn reaction 
•Modification by FSI effect of Λn

Figure from Prof. Tamura

• Mass difference of 4ΛH and 4ΛHe 
• Interaction of Λn is the same with Λp? 



How to Measure Λn Interaction
• FSI effect in γd reaction for K+Λ production
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How to Measure Λn Interaction
• FSI effect in γd reaction for K+Λ production

γ

p
n

n

K+

Λ

d

γ

p

K+

Λ

Λn interaction  
in Final State Interaction (FSI) 

 11

• Using a large acceptance magnetic spectrometer 

 cross section 

is modified 



Our Experiment: 
NKS2  

at ELPH, Tohoku Univ.



Photon Beam Line 
in Research Center of Electron Photon Science (ELPH), Tohoku Univ.

 BooSTer 
 (BST)  Ring 

    Max Ee = 1.3 GeV 

Swee
p 

mag
ne

t

NKS
2

2nd experimental hall in ELPH

Scattered electron 
Ee’ = 7/18 - 1/30 of Ee

Orbit 
Electron

Photon

Tagged Photon Rate: 1-3 MHz 
Duty Factor: ~85% 
Timing resolution ~50 ps

See IEEE Transactions on Nuclear Science 61 (2014) 1278, T. Nishizawa et al.  
for Tagging counter in detail



The NKS2 Experiment

1.6 m

1 m

•Tagged photon beam 
• E𝛾 = 0.80-1.25 GeV 

•Liquid D2 or H2 target 
•Magnetic spectrometer 

• Tracker  
• Two drift chambers 
• Charged particle momentum, trajectory, and decay vertex 

• Hodoscopes 
• Plastic scintillator + PMT 
• Time-Of-Flight (TOF) 
• Particle identification combined with momentum 

• Electron Veto 

•Acceptance 
• Covering large kinematic region including forward angle
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Λn Interaction 
Study by NKS2

FSI seen in JLab



FSI Effect: How looks like in NKS2?

• Calculation 
• by K. Takahashi of Miyagawa-san’s group in 

Okayama University of Science 
• K+ cross-section in 𝛾d → K+Λn 
• E𝛾 = 0.95 - 1.25 GeV 
• dσ/dpK  in Lab. frame 
• 𝜃K = 0°-20° 

• shown in his master’s thesis (FY2017)
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FSI Effect in the K+ Cross-section
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FSI Effect in the K+ Cross-section
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FSI Effect in the K+ Cross-section
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FSI effect in the Cross-section
• The effect appeared near the production threshold 
• Λn 

• ~10 nb in E𝛾 > 1.05 GeV 

• summed over 𝜃K = 0°-20° 

• enhancement seen in ~10 MeV/c momentum range of K+
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• To achieve a few % statistical error of data 
• Assuming the same condition of previous K0S measurement 

• 200 - 400 days needed to discuss angle dependence 

• Electron veto counter makes the beam time shorter
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• Σn 
•  “cusp” can be seen in 𝜃K = 0°-10° and a few nb 
• in E𝛾 ≥ 1.05 GeV

• To achieve a few % statistical error of data 
• Assuming the same condition of previous K0S measurement 

• 200 - 400 days needed to discuss angle dependence 

• Electron veto counter makes the beam time shorter
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• Σn 
•  “cusp” can be seen in 𝜃K = 0°-10° and a few nb 
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• Assuming the same condition of previous K0S measurement 

• 200 - 400 days needed to discuss angle dependence 
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Detector R&D
• Multi-gap Resistive Plate Chamber: MRPC 
• Design 

• Gas: R-134a + SF6 (90:10) 
• 5-gap and double stack 

• Pre-AMP 
• locate closed to MRPC 
• including impedance matching 

• Aerogel Cherenkov Counter for Electron Veto 
• Design 

• n=1.01 for e/𝜋 separation (𝜋 threshold: p = 1 GeV/c) 
• MPPC readout 

• R&D is started
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Multi-gap Resistive Plate Chamber (MRPC)
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47 cm × 3.5 cm strip 
Readout from both ends

0.4th mm soda-lime glass 
#2 fish line (∅ 0.23mm) 
5-gap and double-stack

Gas:  
R-134a+SF6 (90:10)

Test version of Pre-AMP 
• Impedance matching 
• CR differential 
• Non-inverse amplifier 

Intrinsic resolution 
 ~120 ps



Particle ID with New Counters
• Add new counters

 24

Expected m2 distribution w/ realistic 𝜋/K/p yield in 𝛾+d
88 ୈ 5ষ ELPHʹ͓͚Δ Λnऴঢ়ଶ૬࡞ޓ༻ଌఆ࣮ݧͷσβΠϯ

ਤ 5.24: MRPC ͷؒ࣌෼ղೳ σ = 100 psɺR = 1500 mmɺޫࢠϏʔϜΤωϧΪʔ Eγ =

0.8 − 1.2 GeV ΛબΜͩ࣌ͷ࣭ྔೋ৐෼෍ɻ੨ઢ͸ K ͷϐʔΫΛΨ΢εؔ਺ͰϑΟοςΟϯ

άͨ݁͠ՌΛද͢ɻॎ࣠͸ର਺࣠

͜ͷࣜࢉܭͱɺ͜Ε·Ͱʹఆٛͨ͠ݕग़ث෼ղೳΛྀͯ͠ߟɺ֤ R ʹର࣭ͯ͠ྔೋ৐෼෍

ΛٻΊΔɻਤ 5.24͸ɺMRPCͷؒ࣌෼ղೳ σ = 100 psɺR = 1500 mmɺޫࢠϏʔϜΤωϧ

Ϊʔ Eγ = 0.8 − 1.2 GeV ΛબΜͩ࣌ͷ࣭ྔೋ৐෼෍Ͱ͋Δɻ3 ຊ͑ݟΔϐʔΫ͸͔ࠨΒ πɺ

KɺpΛද͍ͯ͠Δɻ

K ͷબ୒͸ɺK ͷϐʔΫΛΨ΢εؔ਺ͰϑΟοςΟϯάͨ݁͠ՌΛ༻͍ͯ͏ߦɻϑΟο

ςΟϯάʹΑΓಘΒΕͨΨ΢εؔ਺ͷฏۉ஋ µ͓Αͼඪ४ภࠩ σ Λ༻͍ͯɺ(µ− 3σ, µ+ 3σ)

ͷൣғʹؚ·ΕཻͨࢠΛK ͱಉఆ͢Δɻ͜ͷதʹ͸ಛʹ π ͷࠞೖ͕༧૝͞ΕΔɻ

ਤ 5.25: ࣭ྔೋ৐ͱӡಈྔͷ૬ؔɻԣ͕࣭࣠ྔೋ৐ɺॎ͕࣠ӡಈྔΛද͢ɻ͍ߴӡಈྔͰ͋Δ

΄Ͳ࣭ྔೋ৐͕͕޿Γɺπ ͷϐʔΫͷ੄͕K ͷϐʔΫͱඃΔ༷ݟ͕ࢠΒΕΔ

Simulation  
𝜎TOF = 170 ps  



Aerogel Cherenkov Counter for Electron Veto
• Aerogel 
• n=1.01 

• Japan Fine Ceramic Center 
• Chiba University (Just derived) 

• Photon detector 
• SiPM 

• Candidate 
• HAMAMATSU S13360 series MPPC 

surface mount type 

• Number of photo-electrons (NPE): ~16 
• photon detection efficiency is considered 

• Confirmed enough NPE by cosmic-ray test 
• PMTs are used in the test 

• Amp, HV supply, connection 
• R&D started
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-

 ~50 peaches of  6x6 mm2 MPPC 
for one side

Photo: JFCC aerogel (n=1.01)



Summary of Λn FSI Experiment
• Λn interaction 

• One of keys to understand YN interaction 
• Mass difference of 4ΛH and 4ΛHe 
•Λp and Λn are the same? 

• the other effect? 

• Upgrade of NKS2 with new detectors 
• measurement of Λn interaction via FSI effect   in 
𝛾d → K+Λn reaction 

• Mass production of new TOF counter (MRPC) will 
be started soon 

• R&D of the ACC for electron veto is in progress
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The Other Projects
• Jefferson Lab 
• Hall A collaboration 

• nnΛ search in e- + 3H → e- + K+ + X 
• Ph.D candidate: Kousuke Itabashi (D1) 

• APEX (Dark photon A’ search) 
• Iso-spin dependence ΛN by 40ΛK, 48ΛK Hypernuclei 

• Ph.D candidate: Keita Uehara (M2) 

• Mainz 
• Precise measurement of beam energy 

• ELPH 
• Modification of NKS2 

• Lifetime measurement of 3ΛH 
• γ + 3He → K+ + 3ΛH 

• Ph.D candidate: Yuichi Toyama (D2)
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nnΛ Search
• HypHI collaboration 
• 6Li + C collisions 

• Invariant mass distributions of d + π- 
and t + π-  

• PRC 88 (2013) 041001 (R) reported  
• “the analyses and discussions of the observed 

final stats of d + π- and t + π- that might be 
associated with 3Λn”

 28

RAPID COMMUNICATIONS

C. RAPPOLD et al. PHYSICAL REVIEW C 88, 041001(R) (2013)

and identify hypernuclei by means of the invariant mass
method [22].

We performed an experiment with 6Li projectiles at 2A GeV
with an intensity of 3 × 106 ion per second bombarding on a
carbon (12C) graphite target with a thickness of 8.84 g/cm2.
The data collection occurred during a period of 3.5 days with
an integrated luminosity of 0.066 pb−1. The main goal of the
experiment was to identify and study the production and the
decay of light hypernuclei, 3

!H and 4
!H, as well as ! hyperons

in order to demonstrate the feasibility of such hypernuclear
spectroscopy. Within the same data set other possible final
states can be studied to search for extremely neutron-rich and
neutral hypernuclei such as a bound state of two neutrons
with a ! hyperon, 3

!n. The observation of a 3
!n state was

not feasible in the previous emulsion technique and bubble
chamber experiments since this bound state has no charge and
could not be distinguished from the background induced by the
! hyperon. Garcilazo et al. studied theoretically the nn! state
and revealed that it should be unbound [23]; however, recent
lattice QCD calculations for three-body states [24] indicate
that 3

!n might be bound. Additional considerations from Dalitz
and Downs [25] show possible decay channels of such a state,
3
!n → p + n + n+π− and 3

!n → t + π− and the first
calculation on its binding energy. In a revised calculation
presented in Ref. [26], they concluded again that the existence
of 3

!n was improbable. In the later publication by Dalitz and
Levi Setti on the possible unusual light hypernuclei [27],
the possibility of 3

!n existence was still discarded; however,
experimental evidences were welcome, and they discussed the
possibilities of 5

!n and 4
!n as well.

The experiment involved tracking systems of scintillating
fiber detector arrays and two drift chambers for the secondary
vertex determination. Four scintillating hodoscope walls were
adjoined to the tracking systems for tracking and time-of-flight
measurements of charged particles across a large acceptance
dipole magnet. The tracking system for vertexing was placed
in front of the dipole magnet around the expected decay
volume of hypernuclei. Behind the magnet, two separated
arms of the detection apparatus were situated in such a way
to measure disjointedly positively and negatively charged
particles.

The four-vectors of the detected particles and fragments
were determined after the particle identification based on
tracking across the magnet as well as measurements of the
time-of-flight and the energy deposit with the hodoscope
walls. After the decay vertex finding, the invariant mass
of final states of interest was calculated, and a lifetime
estimation was inferred based on the observed decay vertex
position. The feasibility of the experimental method was
already demonstrated by observing !, 3

!H, and 4
!H, whose

physics results are discussed in Ref. [28]. In this Rapid
Communication, we report on the analyses and discussions
of the observed final states of d + π− and t + π− that might
be associated with 3

!n.
Using the track and event reconstruction procedures, the

particle identification for positively charged fragments was
first determined by the correlation between the measured
energy deposit and the deduced momentum from the track
fitting. The performance for the helium isotope separation was

reasonable, and the 3He contamination in the 4He identifica-
tion was estimated to be 1.7%, while the contamination of 4He
into the identification of 3He was 1.8% [28]. Additionally, for
the hydrogen isotopes and π− mesons the correlation between
the estimated momentum and the velocity β calculated from
the time-of-flight measurement was employed, as detailed
in Ref. [28]. The selection cuts used for the deuteron and
triton determination required their respective momenta to
fall in the ranges 4.3 ∼ 6.5 and 6.5 ∼ 10.0 GeV/c and
their respective masses to be within 0.935 < md < 2.785 and
1.455 < mt < 4.105 GeV/c2. A fair separation between the
hydrogen isotopes was achieved. The contamination of protons
and tritons in the deuteron selection is 0.75% and 2.7%,
respectively. For the triton selection the proton contamination
was negligible, while the deuteron contamination amounted to
1.9%. Cut conditions for triton and deuteron species were wide
enough so that there is no narrowing of the projectile rapidity
region, cross-checked with the rapidity regions of detected
helium and lithium isotopes.

After the identification of the particles and fragments of
interest, the invariant mass distributions of d + π− and t + π−

were studied with the identical rules for the secondary vertex
selections applied in the case of !, 3

!H, and 4
!H [28]. Figure 1

shows the resultant invariant mass distributions of d + π− in
panels (a1) and (a2) and t + π− in panels (b1) and (b2). The
longitudinal decay vertex position (Z) was requested to be set
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FIG. 1. (Color online) Invariant mass distributions of d + π−

final-state candidate in panels (a1) and (a2) and of t + π− in panels
(b1) and (b2). Panels (a1) and (b1) are for −10 cm < Z < 30 cm,
and panels (a2) and (b2) are for −2 cm < Z < 30 cm. Observed
distributions are represented by the filled-in circles. The hashed
orange (gray) region represents one standard deviation of the fitted
model centered at the solid blue (gray) line of the total best fit.
The black and colored dotted lines respectively show the separate
contributions of the signal and the background. The open triangle
represents the data corresponding to invariant mass distribution of
the mixed event analysis.

041001-2

PRC 88 (2013) 041001 (R)

• nnΛ search at JLab 
• Tritium campaign 

• Period: 2017 - 2018 
• Gas 3H,  2H, H, 3He, target 
• Experiments 
• EMC effect for 3H and 3He 

• Isospin dependence of two-nucleon short range correlations 

• Quasi-elastic scattering to measure p and n momentum distribution 

• Charge radius of 3H and 3He 

• nnΛ search by (e, e’K+) reaction



JLab Hall A
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Photo from https://www.jlab.org/research/hall-a

High Resolution  
Spectrometer (HRS) 

Magnet config.: QQDQ  
Momentum range: 0.3 - 4.0 GeV/c 
Momentum acceptance ± 4.5%

Cryotarget system 
Common system for Hall A and C

28 ୈ 2ষ nnΛ࣮ݧͷ֓ཁ

ද 2.2: Target spessification

State of Target Target thickness [mg/cm2]

Gas 3H2 77.0
2H2 142
1H2 70.8
3He 53.4

Solid C 883

Al 1.37 ×103

BeO 142

2.3 ඪతγεςϜ

ɹຊ࣮ݧͰ͸ τϦν΢Ϝ (3H)௿ԹΨεඪత (40 K)ΛؚΉෳ਺ͷΨεඪతͱݸମඪత͕࢖Θ

Εɺਤ 2.3ɺਤ 2.4 ͷΑ͏ͳඪతγεςϜ಺ʹઃஔ͞Ε͍ͯΔɻΨεඪతγεςϜ͸ (ਤ 2.3)

ͷΑ͏ʹͭ̑ܭͷηϧ͕࿈ͳ͓ͬͯΓɺ্͔Β 3H, 2H, 1H, 3He, empty ͕ͦΕͧΕऩೲ͞

Ε͓ͯΓɺͦΕͧΕͷඪతʹରͯ͠ϏʔϜ࣠ํ޲ʹް͞ 25 cmɺ໿ 34 ccͷΨε͕ऩೲ͞Εͯ

͍Δ (ਤ 2.5)ɻ·ͨɺ4ͭͷηϧͷΨεඪతͷԼʹ͸ݸମඪతϓϨʔτ͕ઃஔ͞Ε͓ͯΓɺ্

͔Β୸ૉϑΟϧϜඪతɺ୸ૉ݀ඪతɺϥελʔิਖ਼༻ඪతɺΞϧϛඪతɺ୸ૉඪతɺνλχ΢

Ϝඪతͦͯ͠ BeOඪత͕࿈ͳͬͯ഑ஔ͞Ε͍ͯΔ (ਤ 2.4)ɻݸମඪత͸ύϥϝʔλௐ੔΍ิ

ਖ਼σʔλΛ໨తͱͯ͠࢖༻͞Εɺ಺༰ͷৄࡉʹ͍ͭͯ͸ୈ̏ষͰৄ͘͠ड़΂Δ͜ͱʹ͢Δɻ

ɹɹ

ਤ 2.3: Gas Target Ladder system ਤ 2.4: Solid Target Ladder systemTargets during the tritium campaign



JLab
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Continuous Electron Beam Accelerator Facility (CEBAF) 
at Thomas Jefferson National Accelerator Facility

Map from JLab web page 



Measurement

• Analysis is in progress

 31
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ୈ 2ষ nnΛ࣮ݧͷ֓ཁ

nnΛ୳ࡧΛͨ͏ߦΊʹɺզʑ͸ΞϝϦΧͷτʔϚεδΣϑΝιϯڀݚॴ (JLab)ʹͯ nnΛ

୳ݧ࣮ࡧΛͨͬߦɻຊষͰ͸ nnΛ࣮ݧͷηοτΞοϓʹ͓Αͼݕͨ͠༺࢖ग़ث౳ʹ͍ͭͯৄ

͘͠ड़΂Δɻ2.1ষͰ͸ຊ࣮ݧͷηοτΞοϓΛड़΂ɺ2.2ষͰ͸ JLabͷՃ଎ثͷಛ௃ͱੑೳ

ʹ͍ͭͯৄ͘͠ड़΂Δɻ2.3-2.4ষͰ͸ຊ࣮ݧͰ࢖༻ͨ͠ඪతγεςϜɺͦͯ͠ߴ෼ղೳεϖ

Ϋτϩϝʔλ (HRS)ʹ͍ͭͯৄ͘͠ड़΂Δɻͦͯ͠ޙ࠷ʹ 2.5ষͰຊ࣮ݧͰ࣮ࡍʹͲͷΑ͏

ͳτϦΨʔΛ૊ΜͰσʔλΛऩू͔ͨ͠ʹ͍ͭͯઆ໌͢Δɻ

2.1 JLabʹ͓͚Δ 3H(e, e′K+)nnΛ൓Ԡ෼ޫ࣮ݧ

զʑ͸աڈʹΞϝϦΧͷ Thomas Jefferson National Accelerator Facility(JLab) Hall C ʹ

༺࡞ޓ૬ࢠɺϋΠϖϩϯɾ͍֩ߦΛݧઢΛ༻͍ͨϋΠύʔ֩෼ޫ࣮ࢠి͍͓ͯ (YN૬࡞ޓ༻)

ਤ 2.1: 3H(e, e′K+)nnΛ ൓Ԡਤɿຊ࣮ݧͰ͸ 4.3 GeV ͷిࢠઢΛ༻͍࣮ͯݧΛ͏ߦɻ
3H(e, e′K+)nnΛ ൓ԠʹΑͬͯੜ੒͞Εͨ K+ தؒࢠͱࢄཚిࢠ (e’) ͷӡಈྔ͸ೋ୆ͷ

HRS Ͱ؍ଌΛߦͳΘΕΔɻଌఆ͞ΕΔࢄཚిࢠͷத৺ӡಈྔͱ֯౓͸ (pe′ = 2.2 GeV/c,

θee′ = 13.2◦)Ͱ͋ΓɺK+ தؒࢠͷத৺ӡಈྔͱ֯౓͸ (pK = 1.8 GeV/c, θeK = 13.2◦)Ͱ

͋Δɻ

Figure from  
K. Itabashi’s  
Master’s thesis 
(slightly modified)

?



Hyperon Puzzle

• Neutron star 
• EOS base on 2-body YN interaction can not 

explain two-solar-mass neutron star 
• 3-body ΛNN force is needed   

 32

only interact via the two-body ΛN potential. As a matter of
fact, within the AFDMC framework hypernuclei turn out to
be strongly overbound when only the ΛN interaction is
employed [34,35]. The inclusion of the repulsive three-
body force [model (I)], stiffens the EOS and pushes the
threshold density to 0.34ð1Þ fm−3. In the inset of Fig. 1 the
neutron and lambda fractions are shown for the two
HNM EOSs.
Remarkably, we find that using the model (II) for ΛNN

the appearance of Λ particles in neutron matter is ener-
getically unfavored at least up to ρ ¼ 0.56 fm−3, the largest
density for which Monte Carlo calculations have been
performed. In this case the additional repulsion provided by
the model (II) pushes ρthΛ towards a density region where
the contribution coming from the hyperon-nucleon poten-
tial cannot be compensated by the gain in kinetic energy. It
has to be stressed that (I) and (II) give qualitatively similar
results for hypernuclei. This clearly shows that an EOS
constrained on the available binding energies of light
hypernuclei is not sufficient to draw any definite conclusion
about the composition of the neutron star core.
The mass-radius relations for PNM and HNM obtained

by solving the Tolman-Oppenheimer-Volkoff equations
[62] with the EOSs of Fig. 1 are shown in Fig. 2. The

onset of Λ particles in neutron matter sizably reduces the
predicted maximum mass with respect to the PNM case.
The attractive feature of the two-body ΛN interaction leads
to the very low maximum mass of 0.66ð2ÞM⊙, while the
repulsive ΛNN potential increases the predicted maximum
mass to 1.36ð5ÞM⊙. The latter result is compatible with
Hartree-Fock and Brueckner-Hartree-Fock calculations
(see for instance Refs. [2–5]).
The repulsion introduced by the three-body force plays a

crucial role, substantially increasing the value of the Λ
threshold density. In particular, when model (II) for the
ΛNN force is used, the energy balance never favors the
onset of hyperons within the density domain that has been
studied in the present work (ρ ≤ 0.56 fm−3). It is interest-
ing to observe that the mass-radius relation for PNM up to
ρ ¼ 3.5ρ0 already predicts a NS mass of 2.09ð1ÞM⊙ (black
dot-dashed curve in Fig. 2). Even if Λ particles appear at
higher baryon densities, the predicted maximum mass will
be consistent with present astrophysical observations.
In this Letter we have reported on the first quantum

MonteCarlo calculations for hyperneutronmatter, including
neutrons andΛ particles. As already verified in hypernuclei,
we found that the three-body hyperon-nucleon interaction
dramatically affects the onset of hyperons in neutron matter.
When using a three-body ΛNN force that overbinds hyper-
nuclei, hyperons appear at around twice the saturation
density and the predicted maximum mass is 1.36ð5ÞM⊙.
By employing a hyperon-nucleon-nucleon interaction
that better reproduces the experimental separation energies
of medium-light hypernuclei, the presence of hyperons is
disfavored in the neutron bulk at least up to ρ ¼ 0.56 fm−3

and the lower limit for the predicted maximum mass is
2.09ð1ÞM⊙. Therefore, within the ΛN model that we have
considered, the presence of hyperons in the core of the
neutron stars cannot be satisfactorily established and thus
there is no clear incompatibility with astrophysical obser-
vations when lambdas are included. We conclude that in
order to discuss the role of hyperons—at least lambdas—in
neutron stars, the ΛNN interaction cannot be completely
determined by fitting the available experimental energies in
Λ hypernuclei. In other words, the Λ-neutron-neutron
component of the ΛNN force will need both additional
theoretical investigation, possibly within different frame-
works such as chiral perturbation theory [63,64], and a
substantial additional amount of experimental data, in
particular for highly asymmetric hypernuclei and excited
states of the hyperon.
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TABLE II. Fitting parameters for the function f defined in
Eq. (4) for different hyperon-nucleon potentials.

Hyperon-nucleon potential c1½MeV& c2½MeV&
ΛN −71.0ð5Þ 3.7(3)
ΛN þ ΛNN (I) −77ð2Þ 31.3(8)
ΛN þ ΛNN (II) −70ð2Þ 45.3(8)
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Recently, the auxiliary field diffusion Monte Carlo (AFDMC) technique for strange 
systems has made substantial progresses. By using this microscopic ab-initio approach, an 
accurate analysis of the Λ separation energy of light- and medium-heavy hypernuclei has 
been carried out [LON14, PED15] using a phenomenological interaction [BOD84, USM95, 
IMR14] in which the two-body potential has been fitted on the existing Λp scattering data. 
As shown in Fig.2-3(a), when only the two-body ΛN force is considered (red curve), the 
calculated hyperon separation energies tend to disagree with the experimental data (green 
curve) as the density increases. The inclusion of the three-body ΛNN force in this scheme 
leads to a satisfactory description of the hyperon separation energies in a wide mass range 
and for the Λ occupying different single particle state orbitals (s, p and d wave), as shown 
in Figs. 2-3(b). 

 
However, these potential models predicting relatively small differences in the Λ separation 

energies of hypernuclei give dramatically different results as for the properties of the 
infinite medium [LON15]. The resulting EOS spans the whole regime extending from the 
appearance of a substantial fraction of hyperons at ~2𝜌0 ≃ 0.32 fm-3 to the absence of Λ 
particles in the entire density range of the star, as shown in Fig. 2-4(a). This has a sizable 
effect on the predicted NS structure, Fig. 2-4(b).  

(a) Experimental BΛ values in s wave and 
AFDMC calculation results with 2-body ΛN 
interaction alone, and two different 
parametrizations of the 3-body YN interaction 
(updated from [LOD14]). 

(b) Experimental results for Λ in s, p, d, f and g 
waves. Red open circles are the AFDMC results 
obtained including the most recent 2-body plus 
3-body hyperon-nucleon phenomenological 
interaction model (updated from [PED15]). 

Figure 2-3: Λ separation energies as a function of A-2/3. 
Predicted results for 40

ΛK and 48
ΛK are also included. 

 

Updated from D. Lonardoni et al. PRC 89 (2014) 014314

region of interest 40 ≤  A ≤ 50 , allowing to assess the isospin dependence of the 
hyperon-nucleon force. 
 

The original parametrization of the ΛNN potential used in quantum Monte Carlo 
calculations does not depend on whether the two nucleons are in isospin singlet (T=0) or  
isospin triplet (T=1) state. For symmetric hypernuclei the Pauli principle suppresses any 
strong contribution from the Λnn or Λpp channels. On the other hand, in neutron matter or 
in matter at beta-equilibrium the contribution of the isospin triplet channel will become 
quite relevant. Introducing a control parameter CT in order to gauge the strength and the 
sign of the isospin triplet component, it has been shown [PED15] that AFDMC results are 
sensitive to the isospin asymmetry only in the medium-mass region (Fig. 2-6). For light 
hypernuclei the results are compatible with the measured BΛ in the range -1< CT <1.5, 
which implies that the isospin asymmetry contribution is essentially undetermined. The 
results for heavier asymmetric hypernuclei are instead more sensitive to the variation of CT, 
in particular for A ~ 50. 

However, current experimental information in this mass region cannot provide ANY 
information on the possible isospin dependence of hypernuclear forces. Fig.2-7 shows the 
Λ separation energy for 40<A<50 as a function of the neutron number N. Open circles refer 
to the AFDMC results for different proton number (Z=19, 20), closed diamonds are the 
original (π+,K+) experimental data. Due to the large experimental error bars, 40

ΛCa and 51
ΛV 

Figure 2-6: Λ separation energies as a function of A-2/3 with various values of the 
control parameter CT. CT =1 recovers the original 3-body hyperon-nucleon force. 
The shaded region represents the zone of interest for the presenting proposal. 

Note: ΛN interaction is based on Λp data

Parameter CT gauges the strength and the sign of isospin triplet 
contribution

Figure from the proposal, calculation: arXiv:1506.04042.

(Urbana IX force [PUD95]), the resulting PNM EOS turns out to be stiff enough to be 
compatible with astrophysical observations [GAN12]. 

Recent analysis of 16O-16O scattering data shows that the established meson exchange 
potential model (Nijmegen ESC08c [NAG14]) cannot reproduce the cross section at large 
scattering angles and inclusion of 3-body/4-body repulsive forces solves the problem 
[FUR09].  

Thus, there is a general indication that 3-body/4-body repulsive forces become quite 
significant at high density, but they cannot be constrained from light systems. In a similar 
fashion, the binding energies of light hypernuclei do not suffice in constraining 
hypernuclear interactions. Additional information must necessarily be inferred from the 
properties of medium and heavy hypernuclei in order to extrapolate to the infinite-mass 
limit for discussion of highly massive asymmetric nuclear matter such as neutron stars and 
strange hadronic matters (nu~𝑛𝑑~𝑛𝑠).  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2 shows the dependence of the asymmetry parameter δ=(Ν−Ζ)/Α as a function 

of A-2/3 for strange systems. The regions corresponding to neutron stars (𝛿 = 0.9, A~∞), 
strange hadronic matter (𝛿 = 0.5, A~∞) and hypernuclei are highlighted. Precise data of 
light neutron rich hypernuclei were recently obtained at JLab. Though they play an 
important role to extract information about baryonic interactions,  they are too light to 
discuss the properties of strange nuclear matter. Heavier hypernuclei have been studied 
with pion beams but the achieved precision is not enough to extract detailed information 
about the 3-body hyperon-nucleon force. Furthermore, spectroscopic studies of hypernuclei 

Figure 2-2: Schematic description of the behavior of the asymmetry parameter δ as a function of 
A-2/3. The regions corresponding to NS, strange hadronic matters and hypernuclei are highlighted. 
The blue closed circles represent the case for 40

ΛK (δ=0.025) and 48
ΛK (δ=0.188). 
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3. Experimental Setup 

3.1 Experimental configuration 

The proposed experiment is to obtain high precision mass spectroscopy of hypernuclei 
produced by the (e,e′K+) reaction and will employ a configuration including a pair of room 
temperature Septum magnets, the high resolution HRS (Hall A) and the large solid-angle 
HKS spectrometers, as schematically illustrated in Fig. 3-1.  

 

This pair of Septum magnets will be used to separate the scattered electrons and 
electro-produced kaons at small forward angles to sufficiently large spectrometer angles, 
while allowing the post-beam to be directly transported to the dump.  It also minimizes the 
chance for the high rate backgrounds (electrons and positrons) at near zero degrees to enter 
either of the two spectrometers. The collaboration has demonstrated the technique 
successful in avoiding the background from e′  and K+ accidental coincidences by 
maintaining sufficiently low singles rates at each of the two spectrometers under high 
luminosity conditions. 

 
Figure 3-1: Schematic illustration of the experimental layout.  A pair of Septum magnets will 
be used to separate the scattered electrons (analyzed by HRS) and the reaction kaons (analyzed 
by HKS).  All particles at near zero degrees will be sent to the dump. 
 
 
 
 
 
 
 

Figure from proposal

Two magnets 
in design
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Small Λ biding energy 
Shorter hypernuclei lifetime than free space Λ } Difficult to explain simultaneously 

Figure from Y. Toyama’s talk in JPS meeting
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• K+ ID and momentum 
• NKS2 spectrometer + new TOF 

• π- decay time 
• TDL: Timing counter for Direct Lifetime measurement of 

hypernuclei

K+

NKS2 Spec. TOF det.
Liq. 3He��

γ beam
(~1.26 GeV)

Λ
3H

TDL & Tracker
& Range counter

Tracking Chamber
π –

Photon Tagger

Figure from Y. Toyama’s talk in JPS meeting



σ = 150 ps
τ = 200 ps

From non-strangeness reaction

H"# decay event

Simulated decay time spectrum

stat. error : ~10 ps

Decay Time Measurement
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⇒ Plastic scintillator & SiPM



Summary
• Λn interaction measurement by FSI 

• Key of understanding ΛN interaction 
• γ+d → K+ Λ n reaction 
• Preparing for the start of 2020 

• The other projects 
• nnΛ 

• Analysis is in progress 
• 40ΛK, 48ΛK: isospin dependence of ΛNN force 

• 2021 start (?) 
• Decay pion spectroscopy 
• 3ΛH lifetime 

• 2020 start 
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Abstract. The missing-mass spectrum measured in high-resolution studies of the reaction pp → K+X is
analyzed with respect to the strong final-state interaction near the Λp production threshold. The observed
spectrum can be described by factorizing the reaction amplitude in terms of a production amplitude and
a final-state scattering amplitude. Parametrizing the Λp final-state interaction in terms of the inverse Jost
function allows a direct extraction of the low-energy phase-equivalent potential parameters. Constraints on
the singlet and triplet scattering lengths and effective ranges are deduced in a simultaneous fit of the Λp
invariant-mass spectrum and the total-cross-section data of the free Λp scattering using the effective-range
approximation.

PACS. 13.75.Ev Hyperon-nucleon interactions – 21.30.Fe Forces in hadronic systems and effective inter-
actions – 24.10.-i Nuclear reaction models and methods – 25.40.-h Nucleon-induced reactions

1 Introduction

Experimental information on the Λp interaction has been
derived from the analysis of hypernuclei, Λp scattering
experiments and studies of the Λp final-state interaction
(FSI) in strangeness transfer reactions. The binding en-
ergy of light hypernuclei shows that the low-energy Λp
interaction is attractive. In addition, the Λp interaction
is spin-dependent and the singlet interaction is stronger
than the triplet one [1–3]. The free Λp scattering was
studied in bubble chamber measurements [4–6]. In the
low-momentum region the elastic cross-sections were ana-
lyzed in terms of the S-wave singlet and triplet scattering
lengths and effective ranges. However, these determina-
tions are characterized by large variances and covariances
since the data only support the determination of a spin-
averaged scattering length and effective range [6].

The strong effect due to the Λp FSI was observed in
strangeness transfer reactions [7–9] and and in associated
strangeness production reactions [10–16]. The Λp produc-
tion in the K−d → π−Λp, π+d → K+Λp, γd → K0Λp and
pp → K+Λp reactions can provide substantial improve-
ment in an evaluation of the low-energy Λp scattering.

a e-mail: fh@iskp.uni-bonn.de

Intensive theoretical studies of the hyperon-nucleon in-
teraction with the Nijmegen [17–20] and Jülich [21–23]
potential models predict the hyperon-nucleon potentials
and phase shift parameters. These models also predict the
singlet and triplet scattering length and effective-range pa-
rameters of the free S-wave Λp interaction.

The present paper refers to the associated strangeness
reaction pp → K+(Λp) which is characterized by a strong
FSI near the Λp production threshold. In most experi-
ments the Λp system was measured inclusively. Exclusive
measurements of the pp → K+Λp reaction were performed
at COSY [14,15] and SATURNE [16]. Theoretical analy-
ses of the reactions were done [24–37] by applying the me-
son exchange model and including the Λp FSI generally
modelled by Nijmegen or Jülich potentials.

The aim of the present paper is to perform an analysis
of the Λp FSI in the reaction pp → K+(Λp) and an eval-
uation of the Λp low-energy interaction parameters. Us-
ing the Watson-Migdal approximation [38–41] the reaction
amplitude is factorized in terms of a production matrix
element and a FSI enhancement factor, which can be rep-
resented by the inverse Jost function [42–45]. We analyze
experimental results from SATURNE collected by Siebert
et al. [13], which are characterized by a high statistical
accuracy and a high invariant-mass resolution. Further-
more, in the fitting procedure the missing-mass resolution
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is taken into account by folding the theoretical expressions
with the experimental resolution function.

The analysis shows that the shape of the sharply rising
invariant-mass spectrum depends strongly on the singlet
and triplet scattering length and effective-range param-
eters. But only two parameters, the spin-averaged scat-
tering length and effective-range parameters, can be de-
duced within an acceptable confidence level by fitting the
Λp missing-mass spectrum. Additional information can
be obtained by taking the total-cross-section data for the
free Λp scattering into account and including these data
in an overall fit. At low energies the total cross-section
can be described in a model-independent way using the
effective-range approximation [46–48]. Thus, by fitting si-
multaneously the Λp invariant-mass spectrum and the
available total cross-section data of the free Λp scatter-
ing severe constraints on the singlet and triplet scatter-
ing length and effective-range parameters can be deduced.
This method allows also to test theoretical model predic-
tions.

2 The formalism

2.1 Phase space distribution

The pp → K+Λp double differential cross-section is given
as

d2σ

dΩKdMΛp
= |M̃|2Φ3, (1)

where M̃ is the Lorentz-invariant reaction amplitude and
the three-body phase space distribution function is

Φ3=
π

16(2π)5
p2

Kq

ppmp[(Ep + mp)pK − EKpp cos θK ]
, (2)

where q is the momentum of Λ in the Gottfried-
Jackson rest-frame of the produced two-particle subsys-
tem X = Λ + p, MΛp is the corresponding invariant mass
and pp, Ep, pK , EK , θK , ΩK are defined in the laboratory
system. Obviously, in inclusive measurements the invari-
ant mass MΛp is equal to the missing mass MX below the
Σ-hyperon production threshold. Equation (2) is consis-
tent with the kinematical definitions of refs. [49,50].

2.2 Final-state interaction

In the Watson-Migdal approximation [38–40] the FSI is
taken into account by introducing a FSI enhancement fac-
tor |CFSI|2,

d2σ

dΩKdMΛp
= |M|2|CFSI|2Φ3, (3)

where now M is a pure production matrix element and the
FSI amplitude CFSI depends on the internal momentum q
of the Λp subsystem. It converges to 1 for q → ∞ where
the S-wave FSI enhancement vanishes.

Applying the factorization we assume that the produc-
tion operator M is constant, i.e. does not depend on the
internal kinetic energy of the Λp subsystem. In case of the
pp → K+Λp reaction this assumption is supported by the
kinematics which provides a focus onto the Λp FSI. The
internal kinetic energy of the Λp subsystem is almost zero
near the Λp threshold, whereas the K+Λ and K+p sub-
systems have large internal kinetic energies. Even if the
pp → K+Λp reaction is dominated [29–32] by interme-
diate baryonic resonances coupled to the K+Λ system a
small variation of the invariant Λp mass does practically
not affect the production amplitude.

The methods for studying the FSI between the par-
ticles have been developed in different areas of physics,
ranging from atomic physics to high-energy particle
physics [41]. Taking the inverse Jost function [42,43] the
correction due to the FSI is given as

CFSI =
q − iβ

q + iα
, |CFSI|2=

q2+ β2

q2+ α2
. (4)

The potential parameters α and β can be used to establish
phase-equivalent Bargmann potentials [44,45]. They are
related to the scattering lengths a, and effective ranges r
of the low-energy S-wave scattering

α =
1
r

(

1 −
√

1 − 2
r

a

)

, β =
1
r

(

1 +
√

1 − 2
r

a

)

. (5)

The Λp system can couple to singlet 1S0 and triplet
3S1 states. Near production threshold the singlet-triplet
transitions due to the final-state interaction cannot oc-
cur. Therefore, the contributions of the spin-singlet and
spin-triplet final states can be added incoherently. Taking
the spin-statistical weights into account the unpolarized
double differential cross-section may be written as

d2σ

dΩKdMΛp
= Φ3

[

0.25 |Ms|2
q2+ β2

s

q2+ α2
s

+ 0.75 |Mt|2
q2+ β2

t

q2+ α2
t

]

. (6)

This equation leaves six free parameters, the singlet and
triplet potential parameters αs, βs, αt, βt and the pro-
duction matrix elements |Ms| and |Mt|. Instead of the
parameters αs, βs, αt and βt one can equally well use the
singlet and triplet scattering length and effective-range
parameters as, rs, at and rt. The functional dependence
on the invariant mass MΛp can be evaluated by inserting
the corresponding expression for the internal momentum
q of the Λp system,

q =

√

M2
Λp − (mΛ + mp)2

√

M2
Λp − (mΛ − mp)2

2MΛp
. (7)

2.3 Missing-mass resolution

The theoretical missing-mass spectrum of eq. (6) has to
be folded with the missing-mass resolution function before
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is taken into account by folding the theoretical expressions
with the experimental resolution function.

The analysis shows that the shape of the sharply rising
invariant-mass spectrum depends strongly on the singlet
and triplet scattering length and effective-range param-
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tering length and effective-range parameters, can be de-
duced within an acceptable confidence level by fitting the
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be obtained by taking the total-cross-section data for the
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in an overall fit. At low energies the total cross-section
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where now M is a pure production matrix element and the
FSI amplitude CFSI depends on the internal momentum q
of the Λp subsystem. It converges to 1 for q → ∞ where
the S-wave FSI enhancement vanishes.

Applying the factorization we assume that the produc-
tion operator M is constant, i.e. does not depend on the
internal kinetic energy of the Λp subsystem. In case of the
pp → K+Λp reaction this assumption is supported by the
kinematics which provides a focus onto the Λp FSI. The
internal kinetic energy of the Λp subsystem is almost zero
near the Λp threshold, whereas the K+Λ and K+p sub-
systems have large internal kinetic energies. Even if the
pp → K+Λp reaction is dominated [29–32] by interme-
diate baryonic resonances coupled to the K+Λ system a
small variation of the invariant Λp mass does practically
not affect the production amplitude.
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2.3 Missing-mass resolution
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is taken into account by folding the theoretical expressions
with the experimental resolution function.

The analysis shows that the shape of the sharply rising
invariant-mass spectrum depends strongly on the singlet
and triplet scattering length and effective-range param-
eters. But only two parameters, the spin-averaged scat-
tering length and effective-range parameters, can be de-
duced within an acceptable confidence level by fitting the
Λp missing-mass spectrum. Additional information can
be obtained by taking the total-cross-section data for the
free Λp scattering into account and including these data
in an overall fit. At low energies the total cross-section
can be described in a model-independent way using the
effective-range approximation [46–48]. Thus, by fitting si-
multaneously the Λp invariant-mass spectrum and the
available total cross-section data of the free Λp scatter-
ing severe constraints on the singlet and triplet scatter-
ing length and effective-range parameters can be deduced.
This method allows also to test theoretical model predic-
tions.

2 The formalism

2.1 Phase space distribution

The pp → K+Λp double differential cross-section is given
as

d2σ

dΩKdMΛp
= |M̃|2Φ3, (1)

where M̃ is the Lorentz-invariant reaction amplitude and
the three-body phase space distribution function is

Φ3=
π

16(2π)5
p2

Kq

ppmp[(Ep + mp)pK − EKpp cos θK ]
, (2)

where q is the momentum of Λ in the Gottfried-
Jackson rest-frame of the produced two-particle subsys-
tem X = Λ + p, MΛp is the corresponding invariant mass
and pp, Ep, pK , EK , θK , ΩK are defined in the laboratory
system. Obviously, in inclusive measurements the invari-
ant mass MΛp is equal to the missing mass MX below the
Σ-hyperon production threshold. Equation (2) is consis-
tent with the kinematical definitions of refs. [49,50].

2.2 Final-state interaction

In the Watson-Migdal approximation [38–40] the FSI is
taken into account by introducing a FSI enhancement fac-
tor |CFSI|2,

d2σ

dΩKdMΛp
= |M|2|CFSI|2Φ3, (3)

where now M is a pure production matrix element and the
FSI amplitude CFSI depends on the internal momentum q
of the Λp subsystem. It converges to 1 for q → ∞ where
the S-wave FSI enhancement vanishes.

Applying the factorization we assume that the produc-
tion operator M is constant, i.e. does not depend on the
internal kinetic energy of the Λp subsystem. In case of the
pp → K+Λp reaction this assumption is supported by the
kinematics which provides a focus onto the Λp FSI. The
internal kinetic energy of the Λp subsystem is almost zero
near the Λp threshold, whereas the K+Λ and K+p sub-
systems have large internal kinetic energies. Even if the
pp → K+Λp reaction is dominated [29–32] by interme-
diate baryonic resonances coupled to the K+Λ system a
small variation of the invariant Λp mass does practically
not affect the production amplitude.

The methods for studying the FSI between the par-
ticles have been developed in different areas of physics,
ranging from atomic physics to high-energy particle
physics [41]. Taking the inverse Jost function [42,43] the
correction due to the FSI is given as

CFSI =
q − iβ

q + iα
, |CFSI|2=

q2+ β2

q2+ α2
. (4)

The potential parameters α and β can be used to establish
phase-equivalent Bargmann potentials [44,45]. They are
related to the scattering lengths a, and effective ranges r
of the low-energy S-wave scattering

α =
1
r

(

1 −
√

1 − 2
r

a

)

, β =
1
r

(

1 +
√

1 − 2
r

a

)

. (5)

The Λp system can couple to singlet 1S0 and triplet
3S1 states. Near production threshold the singlet-triplet
transitions due to the final-state interaction cannot oc-
cur. Therefore, the contributions of the spin-singlet and
spin-triplet final states can be added incoherently. Taking
the spin-statistical weights into account the unpolarized
double differential cross-section may be written as

d2σ

dΩKdMΛp
= Φ3

[

0.25 |Ms|2
q2+ β2

s

q2+ α2
s

+ 0.75 |Mt|2
q2+ β2

t

q2+ α2
t

]

. (6)

This equation leaves six free parameters, the singlet and
triplet potential parameters αs, βs, αt, βt and the pro-
duction matrix elements |Ms| and |Mt|. Instead of the
parameters αs, βs, αt and βt one can equally well use the
singlet and triplet scattering length and effective-range
parameters as, rs, at and rt. The functional dependence
on the invariant mass MΛp can be evaluated by inserting
the corresponding expression for the internal momentum
q of the Λp system,

q =

√

M2
Λp − (mΛ + mp)2

√

M2
Λp − (mΛ − mp)2

2MΛp
. (7)

2.3 Missing-mass resolution

The theoretical missing-mass spectrum of eq. (6) has to
be folded with the missing-mass resolution function before

F. Hinterberger and A. Sibirtsev: Analysis of the Λp final-state interaction in the reaction p + p → K+(Λp) 317

Table 1. Five-parameter fit results for as, rs, at, rt and |Ms|2 and different ratios |Mt|2/|Ms|2 of the triplet and singlet
production matrix elements.

|Mt|2/|Ms|2 |Ms|2 (b/sr) as (fm) rs (fm) at (fm) rt (fm) χ2 χ2/n.d.f.

0.00 61.4+5.9
−6.3 −2.6+0.2

−0.2 2.47+0.23
−0.24 −1.5+0.2

−0.3 3.6+0.9
−0.9 29.0 0.805

0.10 46.7+4.2
−4.5 −2.7+0.3

−0.4 2.25+0.23
−0.24 −1.5+0.3

−0.3 3.8+1.0
−1.0 29.0 0.807

0.25 34.4+3.0
−3.2 −2.9+0.3

−0.5 1.97+0.22
−0.23 −1.4+0.3

−0.4 4.0+1.1
−1.2 29.1 0.809

0.50 24.0+2.1
−2.3 −3.1+0.4

−0.6 1.63+0.18
−0.19 −1.3+0.4

−0.4 4.5+1.3
−1.3 29.2 0.812

1.00 15.0+1.4
−1.6 −3.2+0.4

−0.6 1.25+0.13
−0.15 −1.3+0.4

−0.5 5.4+1.6
−1. 29.4 0.816

2.00 8.7+0.8
−1.0 −3.3+0.4

−0.6 0.90+0.09
−0.10 −1.2+0.5

−0.6 6.5+2.0
−2.1 29.6 0.821

4.00 4.7+0.4
−0.5 −3.3+0.4

−0.6 0.63+0.06
−0.07 −1.2+0.5

−0.8 7.8+2.7
−2.7 29.8 0.827

8.00 2.4+0.2
−0.2 −3.4+0.4

−0.6 0.44+0.04
−0.05 −1.2+0.6

−1.0 9.2+3.5
−3.5 29.9 0.832

Fig. 4. Same as in fig. 1. Solid lines: Fit curves with param-
eters given by eq. (15) from a combined five-parameter fit of
the missing-mass spectrum and the total-cross-section data,
dashed line: phase space distribution, dotted lines: singlet con-
tributions, dash-dotted lines: triplet contributions.

Vice versa, we take only the total-cross-section data
into account and determine ā and r̄ in a two-parameter
fit. The resulting fit parameters are

ā = −1.81+0.18
−0.21 fm, r̄ = 3.24+0.48

−0.48 fm, χ2/n.d.f. = 0.39.
(12)

Taking those parameters fixed and fitting only |M̄|2 yields
for the missing-mass spectrum

|M̄|2 = 19.5+0.2
−0.2 b/sr, χ2/n.d.f. = 3.7. (13)

This procedure yields an excellent fit of the total-
cross-section data but fails completely to describe the
missing-mass spectrum (see fig. 2).

In a next step, we determine spin-averaged parame-
ters in a combined fit, i.e. by fitting simultaneously the
missing-mass spectrum and the total-cross-section data.
The resulting parameters are

|M̄|2 = 16.9+1.2
−1.2 b/sr, χ2/n.d.f. = 2.2,

ā = −1.91+0.10
−0.11 fm, r̄ = 2.74+0.20

−0.20 fm. (14)

This procedure fails to describe both the missing-mass
spectrum and the total-cross-section data (see fig. 3). This
failure is a direct indication that the spin dependence of
the Λp interaction must be taken into account.

3.2 Five-parameter fit

Now the data on the total Λp cross-section and pp →
K+X missing-mass spectrum are fitted in a combined fit
with the singlet and triplet scattering lengths and effective
ranges as, rs, at, rt as separate free parameters. Taking
the unknown quantities |Ms|2 and |Mt|2 into account a
six-parameter fit should be performed. However, it turned
out that the χ2 criterion cannot be used to determine si-
multaneously |Ms|2 and |Mt|2. This is due to the fact
that the resulting χ2 depends only weakly on the ratio
|Mt|2/|Ms|2 as is indicated in table 1. Therefore, five-
parameter fits were performed taking |Ms|2 as free pa-
rameter and the ratio |Mt|2/|Ms|2 as fixed parameter.
By this method valuable constraints on the singlet and
triplet scattering lengths and effective ranges can be de-
duced from the data.
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is taken into account by folding the theoretical expressions
with the experimental resolution function.

The analysis shows that the shape of the sharply rising
invariant-mass spectrum depends strongly on the singlet
and triplet scattering length and effective-range param-
eters. But only two parameters, the spin-averaged scat-
tering length and effective-range parameters, can be de-
duced within an acceptable confidence level by fitting the
Λp missing-mass spectrum. Additional information can
be obtained by taking the total-cross-section data for the
free Λp scattering into account and including these data
in an overall fit. At low energies the total cross-section
can be described in a model-independent way using the
effective-range approximation [46–48]. Thus, by fitting si-
multaneously the Λp invariant-mass spectrum and the
available total cross-section data of the free Λp scatter-
ing severe constraints on the singlet and triplet scatter-
ing length and effective-range parameters can be deduced.
This method allows also to test theoretical model predic-
tions.

2 The formalism

2.1 Phase space distribution

The pp → K+Λp double differential cross-section is given
as

d2σ

dΩKdMΛp
= |M̃|2Φ3, (1)

where M̃ is the Lorentz-invariant reaction amplitude and
the three-body phase space distribution function is

Φ3=
π

16(2π)5
p2

Kq

ppmp[(Ep + mp)pK − EKpp cos θK ]
, (2)

where q is the momentum of Λ in the Gottfried-
Jackson rest-frame of the produced two-particle subsys-
tem X = Λ + p, MΛp is the corresponding invariant mass
and pp, Ep, pK , EK , θK , ΩK are defined in the laboratory
system. Obviously, in inclusive measurements the invari-
ant mass MΛp is equal to the missing mass MX below the
Σ-hyperon production threshold. Equation (2) is consis-
tent with the kinematical definitions of refs. [49,50].

2.2 Final-state interaction

In the Watson-Migdal approximation [38–40] the FSI is
taken into account by introducing a FSI enhancement fac-
tor |CFSI|2,

d2σ

dΩKdMΛp
= |M|2|CFSI|2Φ3, (3)

where now M is a pure production matrix element and the
FSI amplitude CFSI depends on the internal momentum q
of the Λp subsystem. It converges to 1 for q → ∞ where
the S-wave FSI enhancement vanishes.

Applying the factorization we assume that the produc-
tion operator M is constant, i.e. does not depend on the
internal kinetic energy of the Λp subsystem. In case of the
pp → K+Λp reaction this assumption is supported by the
kinematics which provides a focus onto the Λp FSI. The
internal kinetic energy of the Λp subsystem is almost zero
near the Λp threshold, whereas the K+Λ and K+p sub-
systems have large internal kinetic energies. Even if the
pp → K+Λp reaction is dominated [29–32] by interme-
diate baryonic resonances coupled to the K+Λ system a
small variation of the invariant Λp mass does practically
not affect the production amplitude.

The methods for studying the FSI between the par-
ticles have been developed in different areas of physics,
ranging from atomic physics to high-energy particle
physics [41]. Taking the inverse Jost function [42,43] the
correction due to the FSI is given as

CFSI =
q − iβ

q + iα
, |CFSI|2=

q2+ β2

q2+ α2
. (4)

The potential parameters α and β can be used to establish
phase-equivalent Bargmann potentials [44,45]. They are
related to the scattering lengths a, and effective ranges r
of the low-energy S-wave scattering

α =
1
r

(

1 −
√

1 − 2
r

a

)

, β =
1
r

(

1 +
√

1 − 2
r

a

)

. (5)

The Λp system can couple to singlet 1S0 and triplet
3S1 states. Near production threshold the singlet-triplet
transitions due to the final-state interaction cannot oc-
cur. Therefore, the contributions of the spin-singlet and
spin-triplet final states can be added incoherently. Taking
the spin-statistical weights into account the unpolarized
double differential cross-section may be written as

d2σ

dΩKdMΛp
= Φ3

[

0.25 |Ms|2
q2+ β2

s

q2+ α2
s

+ 0.75 |Mt|2
q2+ β2

t

q2+ α2
t

]

. (6)

This equation leaves six free parameters, the singlet and
triplet potential parameters αs, βs, αt, βt and the pro-
duction matrix elements |Ms| and |Mt|. Instead of the
parameters αs, βs, αt and βt one can equally well use the
singlet and triplet scattering length and effective-range
parameters as, rs, at and rt. The functional dependence
on the invariant mass MΛp can be evaluated by inserting
the corresponding expression for the internal momentum
q of the Λp system,

q =

√

M2
Λp − (mΛ + mp)2

√

M2
Λp − (mΛ − mp)2

2MΛp
. (7)

2.3 Missing-mass resolution

The theoretical missing-mass spectrum of eq. (6) has to
be folded with the missing-mass resolution function before
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is taken into account by folding the theoretical expressions
with the experimental resolution function.

The analysis shows that the shape of the sharply rising
invariant-mass spectrum depends strongly on the singlet
and triplet scattering length and effective-range param-
eters. But only two parameters, the spin-averaged scat-
tering length and effective-range parameters, can be de-
duced within an acceptable confidence level by fitting the
Λp missing-mass spectrum. Additional information can
be obtained by taking the total-cross-section data for the
free Λp scattering into account and including these data
in an overall fit. At low energies the total cross-section
can be described in a model-independent way using the
effective-range approximation [46–48]. Thus, by fitting si-
multaneously the Λp invariant-mass spectrum and the
available total cross-section data of the free Λp scatter-
ing severe constraints on the singlet and triplet scatter-
ing length and effective-range parameters can be deduced.
This method allows also to test theoretical model predic-
tions.

2 The formalism

2.1 Phase space distribution

The pp → K+Λp double differential cross-section is given
as

d2σ

dΩKdMΛp
= |M̃|2Φ3, (1)

where M̃ is the Lorentz-invariant reaction amplitude and
the three-body phase space distribution function is

Φ3=
π

16(2π)5
p2

Kq

ppmp[(Ep + mp)pK − EKpp cos θK ]
, (2)

where q is the momentum of Λ in the Gottfried-
Jackson rest-frame of the produced two-particle subsys-
tem X = Λ + p, MΛp is the corresponding invariant mass
and pp, Ep, pK , EK , θK , ΩK are defined in the laboratory
system. Obviously, in inclusive measurements the invari-
ant mass MΛp is equal to the missing mass MX below the
Σ-hyperon production threshold. Equation (2) is consis-
tent with the kinematical definitions of refs. [49,50].

2.2 Final-state interaction

In the Watson-Migdal approximation [38–40] the FSI is
taken into account by introducing a FSI enhancement fac-
tor |CFSI|2,

d2σ

dΩKdMΛp
= |M|2|CFSI|2Φ3, (3)

where now M is a pure production matrix element and the
FSI amplitude CFSI depends on the internal momentum q
of the Λp subsystem. It converges to 1 for q → ∞ where
the S-wave FSI enhancement vanishes.

Applying the factorization we assume that the produc-
tion operator M is constant, i.e. does not depend on the
internal kinetic energy of the Λp subsystem. In case of the
pp → K+Λp reaction this assumption is supported by the
kinematics which provides a focus onto the Λp FSI. The
internal kinetic energy of the Λp subsystem is almost zero
near the Λp threshold, whereas the K+Λ and K+p sub-
systems have large internal kinetic energies. Even if the
pp → K+Λp reaction is dominated [29–32] by interme-
diate baryonic resonances coupled to the K+Λ system a
small variation of the invariant Λp mass does practically
not affect the production amplitude.

The methods for studying the FSI between the par-
ticles have been developed in different areas of physics,
ranging from atomic physics to high-energy particle
physics [41]. Taking the inverse Jost function [42,43] the
correction due to the FSI is given as

CFSI =
q − iβ

q + iα
, |CFSI|2=

q2+ β2

q2+ α2
. (4)

The potential parameters α and β can be used to establish
phase-equivalent Bargmann potentials [44,45]. They are
related to the scattering lengths a, and effective ranges r
of the low-energy S-wave scattering

α =
1
r

(

1 −
√

1 − 2
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)

, β =
1
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(

1 +
√
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)

. (5)

The Λp system can couple to singlet 1S0 and triplet
3S1 states. Near production threshold the singlet-triplet
transitions due to the final-state interaction cannot oc-
cur. Therefore, the contributions of the spin-singlet and
spin-triplet final states can be added incoherently. Taking
the spin-statistical weights into account the unpolarized
double differential cross-section may be written as

d2σ

dΩKdMΛp
= Φ3

[

0.25 |Ms|2
q2+ β2

s

q2+ α2
s

+ 0.75 |Mt|2
q2+ β2

t

q2+ α2
t

]

. (6)

This equation leaves six free parameters, the singlet and
triplet potential parameters αs, βs, αt, βt and the pro-
duction matrix elements |Ms| and |Mt|. Instead of the
parameters αs, βs, αt and βt one can equally well use the
singlet and triplet scattering length and effective-range
parameters as, rs, at and rt. The functional dependence
on the invariant mass MΛp can be evaluated by inserting
the corresponding expression for the internal momentum
q of the Λp system,

q =

√

M2
Λp − (mΛ + mp)2

√

M2
Λp − (mΛ − mp)2

2MΛp
. (7)

2.3 Missing-mass resolution

The theoretical missing-mass spectrum of eq. (6) has to
be folded with the missing-mass resolution function before
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FSI Effect in the K+ Cross-section
• The shape of the curves 

• Enhancement in forward K + 
• variations: order of 10% 

• Highly accurate measurements are required 
• in order to be able to distinguish among different potential models

No FSI

w/ FSI effect

R.A. Adelseck and L.E. Wright, Phys. Rev C39 (1989) 580

investigated various new versions of the YN forces devel-
oped by the Nijmegen group !9". Only the NSC97f force
binds the hypertriton correctly. The deuteron wave function
is generated by the Nijmegen93 potential !17". The value
jmax up to which FSI had to be taken into account turned out
to be jmax!2. The results presented below are given at a
photon energy E#!1.3 GeV. In Fig. 2, we compare the in-
clusive cross sections for d(# ,K") in plane wave impulse
approximation $PWIA%with calculations that include FSI. In
order to obtain the largest cross section we have chosen &K
!0°. The two pronounced peaks around pK!945 and
809 MeV/c can be understood in PWIA. They are due to
quasifree processes, where one of the nucleons in the deu-
teron is a spectator and has zero momentum in the lab sys-
tem. This then leads to a vanishing argument q!0 in the
deuteron wave function, which causes the peaks. Under this
condition the kinematics of the #-induced process on a single
nucleon fixes the peak positions for pK in the lab system.
We see deviations between the plane wave result and the

results with FSI based on the NSC89 and NSC97f hyperon-
nucleon forces. Near the K"'N threshold FSI enhance the
cross section by up to 86%. Near the K"(N threshold the
effects are also of interest. While NSC89 has hardly any
effect, NSC97f leads to a prominent cusplike structure. The
neighborhood of the K"(N threshold is shown again en-
larged in Fig. 3. The two YN potentials lead to predictions
which differ by up to 35%. Different predictions of the two
potentials are also seen in the total elastic 'N cross section
as depicted in Fig. 4. The peak for NSC97f is significantly
higher near the (N threshold than for NSC89. As worked
out in Ref. !5", this can be traced back to the location of the
S-matrix pole for the 'N-(N system around the (N thresh-
old. We show in Fig. 5 the complex plane of the relative (N
momentum p(N . Each of the two YN potentials generates a
pole in the state 3S1– 3D1 near p(N!0. The potential
NSC89 leads to a pole position which in a single channel

case would be called a virtual state $in this case it would lie
exactly on the imaginary axis%. The coupling of the ' and (
channels moves the pole for the NSC97f force away from the
positive imaginary axis into the second p(N quadrant. In a
time-dependent description the energy related to that pole
position leads to a decreasing amplitude. In the literature,
this sort of pole is sometimes referred to as an ‘‘unstable
bound state.’’ Apparently, the actual pole position depends
on the details of the YN force. The pole positions are an
inherent property of the YN forces and the actual location
chosen by nature should be determined with the help of ex-
perimental measurements.
Another interesting insight into the inclusive cross section

is shown in Fig. 6 for the PWIA calculation. The inclusive
cross section is formed additively by the contributions for
'n , (0n , and (#p production. Above the K"(N threshold

FIG. 2. The inclusive #(d ,K") cross section as a function of lab
momenta pK for &K!0° and photon lab energy E#!1.3 GeV. The
plane wave result is compared to two YN force predictions. The FSI
effects are especially pronounced near the K"'N and K"(N
thresholds, the locations of which are indicated by the arrows.

FIG. 3. The results of Fig. 2 enlarged around the K"(N thresh-
old.

FIG. 4. The total 'N elastic cross section as a function of the '
lab momentum around the (N threshold indicated by the arrow.
The NSC97f prediction leads to a more pronounced peak structure
than the NSC89 prediction.
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